Abstract Over the past decades, there have been many synthesis methods on producing well-defined crystals, due to their enormous application potentials in industrial field. Among them, high temperature gas-phase reactions (HTGR) approach may be one of the most promising processes for fabrication of well-defined crystals with controllable structure, size, shape, and composition. This review is focused on the recent progresses in synthesizing well-defined crystalline TiO 2 dominated with, respectively, {001} facets and {105} facets, one-dimensional ZnO and SnO 2 nanorods/nanowires, MoS 2 nanosheets as well as GaP, InP, and GaAs nanowires via HTGR approach. Although these research works were currently carried out on experimental scale, it is worth to note that the industrial importance of this HTGR approach for design and fabrication of well-defined crystals in the future owing to its advantages of continuous and scalable production with controlled dimensions and low cost.
Introduction
Well-defined inorganic functional crystals with tailor-made crystal facets have attracted great research interest owing to their realistic applications in catalysis, sensors, batteries, and environmental remediation [1] [2] [3] [4] [5] [6] [7] [8] . Unfortunately, the surfaces with high reactivity usually diminish rapidly during the crystal growth process as a result of the minimization of surface energy. Thus, increasing the percentage of known highly reactive surfaces or creating new favorable surfaces is highly desirable. In recent years, a number of hydro-/solvothermal and HTGR have been extensively studied, to control the growth rate of different crystal faces and subsequently tailor the exposed facets [9] [10] [11] [12] [13] [14] . Compared to wet chemical methods, HTGR method has several unique merits, (1) the sample can be produced with continuous or semi-continuous operation; (2) high temperature provides the product with controlled scale dimensions and a high degree of crystallinity; and (3) a remarkable growth rate; which can be expected to substantially reduce the cost of producing well-defined crystals on an industrial scale. Although HTGR has been applied sporadically in industrial production to manufacture fumed silica (Cabot Corporation, USA) and titanium dioxide (DuPont Company, USA) since 1940s and 1950s, respectively, mass production of well-defined single crystals via the HTGR process is still a big challenge, considering the fact that the time of chemical reaction and crystal growth during the HTGR process is very short only about several seconds [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
In recent years, this situation has changed that many well-defined single crystals, such as metal oxide, metal sulfide, and group III-V compounds, have been successionally synthesized in some special designed novel HTGR reactors. For the present writing, we aim to provide a brief overview of the growth mechanism in HTGR and specific details on the preparations and properties of materials mentioned above. At the end of this review, some outlook and perspectives will also be given to illustrate the opportunities and challenges in the field of HTGR.
2 Preparation and enhanced properties of well-defined crystals 2.1 Formation mechanism of well-defined crystals via HTGR process A typical schematic reaction flow chart is given in Fig. 1a .
In an experiment, liquid or solid reactants evaporated in a vaporization chamber, and then were carried into the high temperature region by inert gas (Ar or N 2 ). At the same time, another reactant gas adjusted by gas mass controller went through the reactor. The final products were collected downstream by a bag filter. Both electricity and fuel could be used as heat source to provide the high temperature in reaction areas. The formation of well-defined crystals in HTGR can be roughly divided into two distinct stages: nucleation and growth of seeds into crystals, as illustrated in Fig. 1b . Nucleation is the very early stage of any crystallization process. As the concentration of precursor molecules become sufficiently high in gas, they start to gather into nanometer scale clusters and then constitute the primary nuclei through homogeneous nucleation. With a continuous supply of the building blocks such as atoms, ions, and product molecules, the nuclei can serve as seeds for further growth to form the critical crystallite size.
In fact, the morphology and shape of the final product are controlled by interplay between growing thermodynamics and kinetics. Typically, the thermodynamic equilibrium shape of the most stable product will be produced according to Gibbs-Wulff theorem. However, in many growing process final crystals dominated by high-energy facets could be obtained by tuning the reaction conditions before the reaction reaches equilibrium. That is to say, kinetic factor plays a key role in crystal growth which enlarges the percentage of high-energy surfaces and makes the final products to be different from the thermodynamically favored shapes. Other factors, such as the concentration of precursors, mass transport limitation, and modification of the surface energy realized by adsorption of additives or impurities, can also alter the crystal growth habit by tuning the relative growth rates of the different facets. As a result, it is very important to design suitable experimental conditions and reactors in order to synthesize the desired crystals bounded with high-energy facets. Some representative studies related to fabrication of crystals bounded with particular facets by HTGR method are summarized in the next section.
Preparation and enhanced properties of metal oxide well-defined crystals
Well-defined crystalline metal oxides are the research hot spot in many promising applications, such as catalysts, gas sensors, electronic, optoelectronic, and thermoelectric devices [13, 14, [24] [25] [26] [27] [28] [29] [30] . In this section, the preparations of TiO 2 , ZnO, and SnO 2 via HTGR process and their properties are reviewed. Crystalline TiO 2 in the anatase phase is widely used as photocatalyst in energy generation and environmental treatment, owing to its low cost, non-toxic feature as well as compatible photoactivity under ultraviolet irradiation. Conventionally, anatase TiO 2 crystals are dominated by the thermodynamically stable {101} facets (ca. 94 %, according to the Wulff construction) and a minority of high activity {001} facets. Recently, in order to increase percentage of highly reactive {001} facets, various capping agents were employed to synthesize desirable well-defined crystals in hydrothermal conditions. However, hydrothermal process has many intrinsic disadvantages such as long reaction time, high production cost, and low yield [9] . To overcome the shortcomings of hydrothermal process, Ohtani and co-workers [13] (using a special designed reactor) synthesized the anatase TiO 2 with dominated {001} facets via modified HTGR method. This method only needs very short reaction time of several seconds and the detailed procedure is presented as following. The vapor of TiCl 4 was liberated by bubbling Ar (200 mL/min) into a TiCl 4 solution at 358 K, mixing it with an O 2 stream (1,200 mL/min), and fed into a quartz glass tube heated from the outside by an oxyhydrogen flame burner. The tube was rotated around the cylindrical axis at a speed of 55 r/ min for homogeneous heating. The heating temperature was adjusted to 1,573 K. The product single crystals images are shown in Fig. 2 .
The authors concluded that uniform and rapid heating at a high temperature would enable homogeneous nucleation and subsequent growth to well-faceted crystals with few defects. The low concentration of TiCl 4 and the narrow heating zone would prevent formation of large particles and polycrystalline aggregates with grain boundaries. The photocatalytic activity of the well-defined crystal was higher than that of commercialized P25 under various conditions, though the specific surface area of well-defined crystal is less than a third of the P25 (9.4 m 2 /g, P25: 48 m 2 / g). HTGR environment could provide the well-defined photocatalyst with low density of crystalline defects, which might be the reason for the extremely high photocatalytic activity for H 2 evolution from an aqueous methanol solution and oxidative decomposition of organic compounds in an aqueous solution.
Not only the anatase TiO 2 dominated with {001} facets but also anatase TiO 2 exposed with high-index crystal planes were explored by HTGR method [14] . Recently, we successfully used HTGR to synthesize anatase TiO 2 crystals with predominantly exposed high-index {105} facets, which is depicted as following. A straight static furnace pipe and a thin spiral tube were used as reactor and reactant feeder, respectively. The vapor-phase TiCl 4 was liberated by bubbling O 2 into TiCl 4 liquid and then passed through the furnace pipe. The experimental process was shown to be quite robust, reproducible (as shown in Fig. 3 ). The theoretical calculation results suggest that H 2 O can only adsorb along the step edges dissociatively, while it is unable to stay at the flat facet. The adsorption energy was estimated to be 1.03 eV under the local coverage of 1/2 (with respect to the edge Ti or O). In another word, the {105} facets should have the capability to cleave water photocatalytically and this prediction was confirmed by experiment.
Beside the preparation of anatase TiO 2 exposed with specific facets via HTGR process, one-dimensional (1D) metal oxides could be synthesized by this method as well. Han et al. [24] successfully synthesized ZnO nanorods and the results suggested that nanorods with the length of 500 nm showed higher gas sensing property than 200 and 2,000 nm length ones. Chang et al. [25] used HTGR process modified with vapor trapping method to synthesize n-type ZnO nanowires which shows high carrier concentration without incorporating impurity dopants. Furthermore, dopant may also be introduced during the HTGR process to control the shape of well-defined crystals. Height et al. [26] found that In and Sn dopants could progressively alter the shape of the ZnO particles to a rodlike shape with increasing dopant concentration. Meanwhile, Liu et al. [30] synthesized single-crystalline SnO 2 nanorods via HTGR method by introducing Fe as dopant as well. The as-prepared SnO 2 nanorods with uniform length 
Preparation and their properties of chalcogenides
The chalcogenides are binary compounds of metals and the chalcogenides (sulfur, selenium, or tellurium), which display important properties and potential for diverse applications in catalysis [31] [32] [33] , lubrication [34] , field effect transistors (FET) materials [35, 36] , sensing [37] , and energy conversion and storage [38, 39] . Particularly, 2D
metal dichalcogenides with graphite-like-layered structures show outstanding properties in industrial catalysis and have attracted significant attention in the last 20 years. Some recent progresses on their HTGR synthesis processes are reviewed in this section. Most of the current researches of HTGR process have been focused on MoS 2 which is also the testing ground for experiments in monolayers of metal dichalcogenides [40] . In the case of single-source precursor reaction, ammonium thiomolybdate [(NH 4 ) 2 MoS 4 )] is often used. It has been reported that the thermolysis of (NH 4 ) 2 MoS 4 in a dynamic inert atmosphere (N 2 ) results in the conversion of (NH 4 ) 2 MoS 4 to MoS 3 in the temperature region 120-260°C [41] , and another annealing is needed to convert MoS 3 to MoS 2 .
Shi et al. [42] demonstrated the van der Waals epitaxy of MoS 2 layers on a chemical vapor deposition (CVD) grown graphene surface (Fig. 5a ). They use dimethyl formamide (DMF) as the solvent and argon as the carrier gas to obtain the MoS 2 /CVD graphene hybrid in a low-pressure HTGR system. The MoS 2 flakes forming initially from the graphene wrinkles (Fig. 5b) tend to have a hexagonal shape with c-axis perpendicular to the graphene surface. Notice that the lattice spacing for MoS 2 is 28 % larger than that for graphene, it is relaxed through the weak wan der Waals force. The same precursor is also reported for selective solvothermal synthesis of MoS 2 nanoparticles and deposition of three-layered MoS 2 sheets by dip-coating [31, 43] . Besides the common form hexagonal molybdenum sulfide, the shapes of most direct experimental MoS 2 are triangular nanosheets. The MoS 2 nanocrystallites with (0001) basal plane being oriented parallel to the substrate surface was prepared by depositing Mo on Au (111) in a H 2 S atmosphere followed by annealing [44] . Ultrahigh vacuum scanning tunneling microscopy (STM) was used to study the edges structure of the well-defined crystals. Combined with density functional theory (DFT) calculations, it was verified that the Mo-edge with S atoms terminated the triangular nanoclusters, which are shifted by half a lattice constant relative to the S atoms in the basal plane.
Subsequently, Besenbacher and co-workers [45] deposited Mo onto a defective highly oriented pyrolytic graphite (HOPG) in a sulfiding H 2 S atmosphere corresponding to 5 9 10 -6 mbar (1 mbar = 100 Pa) and followed by an annealing treatment to facilitate full sulfidation and crystallization. The MoS 2 shows a hexagonally truncated shape relative to the former one on Au (111). This was attributed to a lower chemical potential of sulfur which may change the relative stability of the two types of edges, exposing both ð10 " 10Þ Mo-edge and the ð " 1010Þ S-edge (Fig. 5c ). Either edge is believed to be catalytically important. Jaramillo et al. [46] identified the active sites for catalysis of hydrogen evolution reaction (HER). They proved experimentally that the sulfide-terminated Mo-edge is the dominant edge structure in triangular MoS 2 . The calculation results suggest that only 1 in 4 edge atoms can evolve molecular H 2 at a given time.
Zhan et al. [47] demonstrated a scalable fabrication of MoS 2 on SiO 2 substrates. Pure sulfur was placed in the upwind zone set at the temperature a little above the melting point (113°C) while Mo thin film that was predeposited on the SiO 2 substrate which was placed in the center of a quartz tube furnace. The tube was first kept in a flowing protective atmosphere of high-purity N 2 and then the temperature was gradually increased to 500°C in 30 min. Finally, the tube was heated to 750°C over 90 min and was kept at 750°C for 10 min before being cooled down to room temperature. The resistivity of their samples are from -1.46 9 10 4 to 2.84 9 10 4 X/cm 2 , about two orders of magnitude higher than CVD graphene (125 X/ cm 2 ). In addition, the mobility at room temperature of the as grown MoS 2 sheets range from 0.004 to 0.04 cm 2 /(V s) which was much lower than mechanically exfoliated MoS 2 flakes. They found that the size and thickness of the atomic MoS 2 layer only depend on the size of the substrate and the thickness of the pre-deposited Mo.
Lee et al. [48, 49] have reported an alternative method for synthesizing large-area MoS 2 ultrathin films using the gas-phase reaction of MoO 3 and S powder. Since the growth of MoS 2 is very sensitive to the substrate surface, perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt or perylene-3,4,9,10-tetracarboxylic dianhydride was usually used to modify the substrates prior to the growth. They showed that promoted growth can be achieved using the sulfurization of MoO 3 and the mobility of MoS 2 on SiO 2 substrate is similar to the value reported by Zhan et al. [47] .
Despite substantial work on synthesis of MoS 2 via HTGR has performed, other materials of the most interest including chalcogenides of group III (GaSe, GaTe, InSe), group IV (GeS, GeSe, SnS, SnSe, GeSe 2 ), and transition metal dichalcogenides (TiS 2 , WS 2 ) have attracted considerable attention [50] [51] [52] [53] [54] [55] [56] . These as-described methods usually contain a sublimation of metal and chalcogen precursors followed by deposition onto a substrate. Sulfurization (or selenization) of metal or its precursors can happen before or after the deposition. Whether the gasphase reaction is catalyst-free or not, choosing suitable substrate, deposition temperature, and source materials may achieve control of products easily. Because of the requirement of suitable substrates in the preparation of chalcogenides, this process may be considered as semicontinuous operation mode.
The growth of group III-V compounds
Metal phosphides have been widely used in optoelectronic devices, magnetic storage devices, magnetic refrigeration systems, industrial catalysis, and battery materials due to their special structures and properties. Therefore, several techniques have been developed to fabricate metal phosphides with well-defined facets through high temperature gas-phase reactions [57] [58] [59] . Most of these high temperature reactions are usually used to get 1D semiconductor structures. These HTGR processes usually need an anaerobic condition which prevents synthesized phosphides from oxidation, and often involve gold particles as catalysts to direct the 1D structure growth by the vaporliquid-solid (VLS) mechanism [60] [61] [62] . During the fabrication of GaP and InP nanowires by HTGR process, a special reactor was used to provide a lowpressure and high temperature environment for nanowires growth. In the reactor cell, metal-organic sources reacted with PH 3 . The target products grew on the substrates (GaP substrate and InP substrate are used, respectively) deposited with gold droplets [63] . Prior to the reaction, PH 3 flow was first used to remove the oxides or organics on the substrate at the reaction temperature. Then, the metalorganics (trimethylgallium or trimethylindium) and phosphine (PH 3 ) acted as precursors with a specific molar ratio which were carried by H 2 at a specific flow rate went into the high temperature reactor. Sometimes, hydrogen chloride was used to suppress the overgrowth of the nanowires [64] . Recently, Assali et al. [65] have successfully synthesized the GaP nanowire arrays (shown in Fig. 6 ) with pure hexagonal crystal structure and the direct nature of the band gap, which enables new pathways to tailor materials properties and enhancing the functionality. Algra et al. [66] first demonstrated that the crystal structure of InP nanowires could be controlled by using impurity dopants. Meanwhile, Piret et al. [67] have got perfectly vertical GaP nanowires on the substrate with monodisperse size and controllable specific geometry.
Based on the successful synthesis of long silicon nanowires by PLV method [68] , GaP and InP nanowires have been successfully synthesized through this method [69] . The targets were made by GaP (or InP) powder mixed with gold powder, which were centered in a long quartz tube with an inner small quartz tube. A tube furnace was used to control the target temperature. Along with the Ar/H 2 flow, the target was ablated and vaporized by the laser beam for about 2 h. Then, the reaction system was slowly cooled down to the room temperature. A light yellow product was achieved on the wall of the quartz tube.
Thermal evaporation is another HTGR to synthesize metal phosphides. Red phosphorus is often used as the precursor instead of phosphine (PH 3 ). Before the reaction, metal, metal oxides, and red phosphorus should be milled for about several minutes. A tube furnace was used to supply a high temperature reaction environment (usually above 900°C). Prior to heating, Ar flow was used to remove oxygen in the tube furnace. Al 2 O 3 [59] , Si [70] , and AlN [71] were often used as substrates for nanowires growth. Through this process, Ga, Ga 2 O 3 , and red phosphors reacted at high temperature and GaP nanotubes were achieved by Wu et al. [71] . The growth mechanism and process for the formation of GaP nanotubes were explained as follows [72, 73] :
When GaP species reached a supersaturated level, they were precipitated out from the Ga droplets. P vapor and the newly produced Ga species were continuously complemented into the Ga droplets to sustain this growth, and finally the GaP nanotubes were obtained. This process is similar to VLS growth [68] . Fu et al. [74] have synthesized single-crystal diameter-modulated GaP nanochains and apply them into nanodevices. Ga 2 O 3 and red phosphorus were chosen as precursors and Si sheets treated by Shiraki method [75] was used as a substrate for the growth of GaP nanochains. In the high temperature, Ga 2 O 3 was reduced by H 2 to form Ga vapor, which reacted with red phosphorus to form GaP nanowires. Then, Ga droplets which are absorbed on the surface of GaP nanowires should form nuclei for GaP knots [76] . Because of the identical material, GaP prefers to grow epitaxially without misfit, consequently, the nanochains should be energetically stable. Moreover, for a large particle, spherical surface is the most effective way to reduce the surface energy of the system, so as to maintain the stability of the system. For these two reasons, the nanochains should have a very stable morphology due to their minimized system energies. Although GaP and InP nanowires could be fabricated by HTGR process, the requirement of the substrates limited these processes in semi-continuous operation mode. To overcome this issue, Heurlin et al. [77] have successfully designed a new HTGR reactor to continuously produce GaAs nanowires with the growth rate of 1 lm/s. Different from the traditional, substrate-based methodology of III-V materials, they used size-selected Au aerosol particles as catalysts to induce the 1D growth of GaAs materials. Because of the strict control of the Au size, the nanowire lateral dimension can be sensitively tuned, so that the material properties such as quantum confinement and electron scattering which allow the optical [78] and electrical [79] properties of nanowires are fine-tuned. Through this continuous high temperature gas-reaction, high-quality nanowires could be largely produced with low cost.
Summary and outlook
This paper discusses the possible formation mechanism and selected examples of well-defined crystals synthesized via HTGR method. As an economical and efficient method, HTGR provides a powerful tool for tailoring the shapes as well as physical and chemical properties of well-defined crystals. However, only binary compounds with well-defined facets were prepared by HTGR process to date, in which exposed surfaces could be tailored by changing the experimental conditions and specific reactors. Furthermore, the formation mechanism of these binary semiconductors is not well understood. With in-depth studying on this subject, we believe that binary, ternary, even more complicated compound semiconductors with more desirable shapes, morphologies, and sizes will be synthesized by HTGR process. Although the well-defined crystals could only be produced by HTGR method on experimental scale so far, which does not meet the needs of commercial applications, it is anticipated that this method would provide new opportunities to produce the well-defined crystals on industrial scale in the future, because HTGR method can enable the mass production with perfect crystallinity, reproducibility, and controlled dimensions as well as the material composition. In addition, its continuous operation mode can also lower the cost of the final products that will benefit the commercial applications.
